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TEMAbstract The impacts of different CO2 concentrations on the growth, physiology and ultrastruc-
ture of noncalcifying microalga Chaetoceros gracilis F.Schu¨tt (Diatom) were studied. We incubated
Ch. gracilis under different CO2 concentrations, preindustrial and current ambient atmospheric
concentrations (285 and 385 latm, respectively) or predicted year-2100 CO2 levels (550, 750 and
1050 latm) in continuous culture conditions. The growth of Ch. gracilis measured as cell number
was decreased by increasing the pCO2 concentration from nowadays concentration (385 latm) to
1050 latm. The lowest percentage changes of oxidizable organic matter, nitrite, nitrate, phosphate
and silicate were recorded at a higher pCO2 (1050 latm), and this is in consistence with the lowest
recorded cell number indicating unsuitable conditions for the growth of Ch. gracilis. The minimum
cell numbers obtained at higher levels of CO2 clearly demonstrate that, low improvement occurred
when the carbon level was raised. This was conﬁrmed by a highly negative correlation between cell
number and carbon dioxide partial pressure (r= 0.742, p 6 0.05). On the other hand, highest
growth rate at pCO2 = 385 latm was also conﬁrmed by the maximum uptake of nutrient salts
(NO3 = 68.96 lmol.l
1, PO4 = 29.75 lmol.l
1, Si2O3 = 36.99 lmol.l
1). Total protein, carbohy-
drate and lipid composition showed signiﬁcant differences (p 6 0.05) at different carbon dioxide
concentrations during the exponential growth phase (day 8). Transmission Electron Microscopy
of Ch. gracilis showed enlargement of the cell, chloroplast damage, disorganization and disintegra-
tion of thylakoid membranes; cell lysis occurs at a higher CO2 concentration (1050 latm). It is con-
cluded from this regression equation and from the results that the growth of Ch. gracilis is expected
to decrease by increasing pCO2 and increasing ocean acidiﬁcation.
ª 2014 Hosting by Elsevier B.V. on behalf of National Institute of Oceanography and Fisheries.
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Rising carbon dioxide (CO2) concentrations in the atmosphere
due to human activities are causing the ocean to become more
acidic. The pH of the upper ocean has decreased from a prein-
dustrial value of 8.2 to approximately 8.1 today (Royal
Society, 2005). It is estimated that the pH of ocean surface
waters will be 7.9 by the end of this century and 7.4 by the
end of the millennium (Caldeira and Wickett, 2003).
In parallel to the rising CO2, ocean temperature is increas-
ing, which may increase stratiﬁcation and decrease the upper-
mixed layer depth, thus exposing phytoplankton cells to higher
mean light intensities (Boyd et al., 2010). These changes affect
marine plankton in various ways, positively as for cyanobacte-
ria, or in most cases, negatively as for coccolithophores. How-
ever there is a lack in the understanding of the effect of this
increase in carbon for some important organisms such as dia-
toms, an important primary producer in the ocean.
Diatoms are abundant unicellular algae in aquatic habitats.
They have been known to be the bulk of the food that sustains
the marine food chain and important ﬁsheries. They can also
produce enormous amounts of biomass and are thought to
be responsible for about 20% of global carbon ﬁxation. Recent
assessments suggest that diatom-mediated export production
can inﬂuence climate change through the uptake and seques-
tration of atmospheric CO2 (Granum et al., 2005). A signiﬁ-
cant fraction of the organic carbon generated by diatoms
remains in the upper ocean and supports production by higher
trophic levels and bacteria.
Carbon ﬁxed by microalgae is incorporated into carbohy-
drates and lipids, so that energy, chemicals or food can be pro-
duced from algal biomass (Lee et al., 2001; Olaizola, 2003). It
is documented by Riebesell et al. (1993), Hein and Sand-Jensen
(1997) that raising CO2 could lead to enhanced phytoplankton
growth and photosynthetic carbon ﬁxation. Taraldsvik and
Myklestad (2000) reported that a high pH leads to increased
growth, CO2 uptake and amino acid content in Skeletonema
costatum. Li and Douglas (2013) studied the interactive effects
of pCO2 and light on the coastal marine diatom Thalassiosira
pseudonana CCMP 1335 growing under ambient and expected
end-of-the-century pCO2 (750 latm).
Chrismadha and Borowitzka (1994) reported that the pro-
tein content was increased with carbon dioxide additions in
the diatom Phaeodactylum tricornutum. Chu et al. (1996)
observed an opposite effect in the diatom Nitzschia inconspicua
with increases in lipids and carbohydrates at protein expenses
when the culture was enriched with 5% (v/v) of carbon diox-
ide. Arau´jo and Garcia (2005) studied the changes in protein,
carbohydrates and lipids in the diatom Chaetoceros wighamii
under different CO2 conditions. Changes in productivity and
the way in which diatoms allocate carbon into carbohydrates
may affect the ecosystem function and the efﬁciency of the bio-
logical carbon pump in a low pH ocean (Thornton, 2009).
Few studies were done on the effect of CO2 changes on the
ultrastructure of non-calcifying algae. Jian-Rong and Kun-
shan (2002) investigated the ultrastructure response of fresh
water green algae C. reinhardtii and Scenedesmus obliques to
elevated CO2 concentrations.
The potential for marine organisms to adapt to increasing
CO2 and broader implications for ocean ecosystems is not well
known; both are high priorities for future research. So theobjective of this research was to determine how seawater acid-
iﬁcation affects the growth, protein, carbohydrate and total
lipids in the non-calciﬁed diatom species Chaetoceros gracilis.
Also, little has been documented with regard to the effect of
CO2 changes on the ultrastructure of noncalcifying algae.
Materials and methods
Culture media
Unialgal Ch. gracilis F.Schu¨tt stock cultures were kindly pro-
vided from the Invertebrate Lab., National Institute of Ocean-
ography and Fisheries, Alexandria, Egypt. Stock culture was
incubated at 24 ± 1 C, pH 7.5 under a cool white ﬂuorescent
light with continuous illumination (3000 Lux). The algal spe-
cies were cultured in a sterile f/2-enriched seawater medium
(Guillard, 1975).
Experimental design
Cultures were incubated in triplicate 1 L Erlenmeyer ﬂasks
containing autoclaved f/2-enriched seawater medium with ini-
tial cell count (5 · 104 cell.ml1) using the stock culture growth
conditions. Triplicate bottles were equilibrated at ﬁve different
pCO2 concentrations (pCO2 280 latm – pH= 8.22;
385 latm – pH= 8.11; 550 latm – pH= 8.02; 750 latm –
pH= 7.85 and 1050 latm, pH = 7.74) using acid–base addi-
tion (±0.02 pH units), total alkalinity was kept constant at
2700 latm, and the cultures incubated at 28 C.
Chemical analysis of culture media
Sea water salinity was measured using a Beckman Induction
Salinometer (model RS-7C). Dissolved oxygen was measured
using a highly accurate modiﬁed Winkler method (Grasshoff
et al., 1983).
The initial and ﬁnal concentrations of nitrite, nitrate, phos-
phate and silicate were determined using a Seal AA3
Autoanalyzer (Seal Analytical, Fareham, U.K.) with appropri-
ate standards in the bracket of the expected concentrations.
Aliquots of 50 ml of culture were ﬁltered through 0.22 mM
ﬁlter for the determination of nitrite, nitrate, phosphate
and silicate concentrations. 35 ml of culture was used for mea-
suring the ammonia content according to Grasshoff et al.
(1983).
PCO2 adjustment in the bottles was achieved by acid base
addition according to Riebesell et al. (2010) and volume of
HCl or NaOH to be added was calculated using SEACARB
then followed by carbonate bicarbonate addition to get the
required alkalinity. PCO2 adjustment was done at the begin-
ning of the experiment only, PCO2 and carbon dioxide system
parameters were identiﬁed by measuring pH and total alkalin-
ity (AT) using reference material batch 19 provided from Dick-
son laboratory, then pCO2 is calculated from CO2SYS. The
head space was about 100 ml, the bottle is 1 liter and the cul-
ture was 900 ml. Oxidizable organic matter was determined by
the permanganate oxidation method (FAO, 1975).
Culture aliquots were sampled for the initial pH measured
with a Metrohm (827 pH), pH electrode calibrated with a
TRIS buffer on total (T) scale buffers following Dickson
et al. (2007). Total alkalinity (AT) was measured following
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19) were used to calibrate and establish correction factors for
AT measurements that were obtained from Professor Andrew
Dickson at the Marine Physics Laboratory of the Scripps Insti-
tute of Oceanography, University of California San Diego.
Seawater carbonate system speciation was calculated from
total alkalinity (AT) and total dissolved inorganic carbon (DICT
(measurements and from DICT and pHT measurements using
CO2SYS soft ware (Lewis and Wallace, 1998) with dissociation
constants from Mehrbach (1973) reﬁtted by Dickson and
Millero (1987). The acidity constant of the ion H2SO4 in the
sea water was taken into account (Dickson, 1990).
Photosynthesis and respiration
It is measured using the oxygen light–dark incubation method
according to Strickland and Parsons (1972). The culture media
at different pCO2 concentrations were incubated in light and
dark bottles each in a triplicate in parallel to the control for
24 h. Gross primary production (GPP), Community respiration
(CR) and net community production (NCP) were calculated.
Algal growth measurements
Cell densities were determined every two days (till 10 days). A
sample of 0.5 ml was collected and preserved in Lugol’s solu-
tion to monitor the growth of the algal species by directly
counting the cell numbers using a haemocytometer under a
research microscope.
Biochemical analysis
Three culture ﬂasks grown at each pCO2 concentration were
extensively sampled during late exponential growth phase on
day 8 for determining the algal protein, carbohydrate, lipid
and cells’ ultrastructure.
Total protein
It was determined by the Folin-phenol method of Lowery et al.
(1951).
Carbohydrate estimation
The total carbohydrate was estimated by following the Phe-
nol–sulfuric acid method of Dubois et al. (1956) using glucose
as the standard.
Total lipid
Total lipid contents were analyzed gravimetrically after the
extraction with chloroform–methanol (2:1) using the Folch
method as modiﬁed by Bligh and Dyer (1959).Table 1 Initial pH, DIC, HCO3, CO3
2 (lmol.l1) at different pCO2
from nowadays conditions (pCO2 380).
pCO2 pH DIC HCO3 CO3
2
385 8.1 2215.11 1907.34 297.83
280 8.22 2128.92 1757.61 364.39
550 8.02 2308.65 2034.16 261.71
750 7.84 2464.02 2250.81 192.15
1050 7.74 2430.93 2255.56 148.09Transmission electron microscopy (TEM)
The algal cells were collected by centrifugation and were ﬁxed
with a 5% glutaraldehyde in a 0.1 M sodium cacodylate buffer
(pH 7.4) for 2 days at 4 C (Liu and Lin 2001). After ﬁxation,
algal cells were harvested by centrifugation at 2000g for 1 min.
The pellet was rinsed three times with a 0.1 M phosphate buf-
fer (pH 7.4), and post-ﬁxed in 1% aqueous osmium tetroxide
for 2 h. Samples were dehydrated through a graded ethanol
series to acetone and embedded in Epon 812. Ultrathin sec-
tions were stained in 2% uranyl acetate and lead citrate.
Stained sections were examined with a JEOL 1010 Transmis-
sion Electron Microscope (TEM).
Statistical analysis
All values presented represent the mean of triplicate bottles for
each treatment; error bars in the ﬁgures depict the standard
deviations (SD) of these triplicates. Signiﬁcant differences
(P 6 0.05) between values were determined using one way
ANOVA. Regression analysis of cell number, total protein,
carbohydrate and lipids was carried out against different car-
bon dioxide concentrations and culture media composition
by using the SPSS Statistical program.
Results
Carbonate chemistry system and chemical parameters
Carbonate system parameters in studied cultures were repre-
sentatives of the current ambient pCO2 (385 latm), pre-indus-
trial era pCO2 (280 latm), and three scenarios of pCO2 at the
end of this century if pCO2 are double or are three folds or
four folds of the preindustrial (550, 750 and 1050 latm). As
expected, the elevated pCO2 treatment increased the dissolved
inorganic carbon (DIC) but decreased the pH and CO3
2. For
the preindustrial pCO2, the changes in these parameters are
reversed. The results in Table 1 showed the initial pH, DIC,
HCO3, CO3
2 percentage of changes after the incubation exper-
iment of the pH, DIC, HCO3, CO3
2 as a result of pCO2
changes. The total alkalinity in the media remained unchanged
between the ambient and different pCO2 treatments. The per-
centage change in the carbonate system in the higher pCO2
culture condition (1050 latm) differs signiﬁcantly from the
control.
The results in Tables 2 and 3 showed the experiment and
the changes in its content revealing its uptake or release
dynamics. The percentages of changes in nutrient salts at the
end of the incubation experiment (8 days) from the beginning
are tabulated in Table 3. The results showed that the lowestconcentrations and their percentage of changes in each parameter
%DpH %DDIC %DHCO3 %DCO3
2
– – – –
1.48 3.89 7.85 22.35
0.99 4.22 6.65 12.13
3.21 11.24 18.01 35.48
4.44 9.74 18.26 50.28
Table 2 Initial nutrient concentration (lmol.l1) at the
beginning of the experiment.
pCO2 NH3 NO2 NO3 PO4 Si2O3
280 5.4 5.9 837.4 40.3 136.9
385 6 5.7 837.6 38.7 141.0
550 6 5.4 833.3 40.1 138.9
750 6.8 5.6 874.4 40.1 141.6
1050 7.4 5.2 868.1 38.7 136.9
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Figure 1 Effect of different CO2 concentrations on the cell
number of Chaetoceros gracilis during the culture period. All
values represented were the mean of three replicate ± standard
deviation.
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at pCO2 = 550 latm. It was also noticed that the lowest
change in oxidizable organic matter refers to the minimum
organic matter production which was also recorded at this
pCO2 concentration. Moreover, the percentages of changes
in nutrient salts were the lowest from the control. This could
be attributed to the liberation of NH3 and PO4 which
enhanced by community respiration. On the other hand, the
perturbation experiment at pCO2 = 385 latm showed the
highest percentage of nutrient uptake during the incubation
period. The nutrient salt concentration decreased by the
following percentages (NO3 = 68.96%, PO4 = 29.75%,
Si2O3 = 36.99%). In addition, the percentage of changes in
the dissolved oxygen (54.74%) was the lowest decrease in dis-
solved oxygen concentration for all pCO2 perturbation exper-
iments. This is attributed to the highest gross primary
production recorded at pCO2 = 385 which compensates the
oxygen utilization via respiration.
Algal growth
Results of biomass yield in terms of the cell number ofCh. grac-
ilis are depicted in Fig. 1. The results showed that, the carbon
dioxide concentration at 385 latm showed the maximum cell
number of Ch. gracilis above the control during the incubation
period. These ﬁndings are conﬁrmed by the maximum nutrient
uptake after 8 days of incubation that was recorded at pCO2
385 latm (%D NO3 = 68.96, PO4 = 29.82, Si2O3 = 36.99).
The present results indicated that the pCO2 = 385 latm
enhances the growth of Ch. gracilis. While, the culture media
at pCO2 = 550 latm showed a rapid increase followed by a
sharp decrease in the cell number after 2 days of culturing
(Fig. 1). On the other hand, a lower cell number was obtained
at higher levels of CO2 (1050 latm). The ANOVA test conﬁrms
that cell numbers are signiﬁcantly different at different CO2 con-
centrations (p 6 0.05), as represented in the regression equation,
(Eq. (1)). It is shown that the growth of Ch. gracilis represented
in the cell number at different pCO2 concentrations is highly
positively dependent on dissolved inorganic carbon (DIC)Table 3 Percentage of changes of chemical parameters of the cultu
pCO2 perturbation experiments.
pCO2 DDO2 DOM DNH3
280 98.95 414.29 533.33
385 54.74 566.67 526.67
550 84.95 80.95 263.33
750 109.92 1033.3 332.35
1050 90.45 481.82 327.03and nitrate availability (NO3), while it is highly negatively
dependent on carbon dioxide (pCO2).
Cell number ¼ 418:16 0:482TAþ 0:303DIC
 0:154pCO2 þ 0:336NO3 ð1ÞThe biochemical analysis
The effect of different carbon dioxide concentrations on the
biochemical composition of Ch. gracilis during the late expo-
nential growth phase (day 8) is shown in Table 4. The results
indicated that, the total protein, carbohydrate and lipid com-
positions show signiﬁcant differences (p 6 0.05) at different
carbon dioxide concentrations. The results showed that,
a higher protein concentration was recorded at pCO2 =
550 latm. The data represented in Table 5 showed a
signiﬁcant positive correlation between organic matter
(r= 0.46) and total protein content, while they showed a neg-
ative correlation with the carbohydrate and lipid. On the other
hand, protein content showed a strong positive correlation
with PO4 (r= 0.89). Total carbohydrate content decreased
with increasing pCO2, attaining its maximum value at pCO2
385 latm. This ﬁnding was conﬁrmed by the strong negative
correlation with pCO2 (r= 0.79) and DIC (r= 0.70) and
NO3 (r= 0.69). The lipid content showed an increase with
increasing pCO2 (Table 4). This was conﬁrmed by a highly
signiﬁcant positive correlation with pCO2 (r= 0.80), DIC
(r= 0.68) and NO3 (r= 0.92). Correlations with pH
(r= 0.75) and salinity (r= 0.77) were highly signiﬁcantly
negative (Table 5).re medium after 8 days of incubation of the control at different
DNO2 DNO3 DPO4 DSi2O3
13.56 56.90 17.03 31.42
7.02 68.96 29.75 36.99
11.11 53.65 29.82 33.89
25.00 55.32 1.32 36.68
28.85 67.52 6.36 33.44
Table 4 Total proteins, carbohydrates and lipids in Chaetoceros gracilis under different CO2 concentrations during the exponential
growth phase (on day 8).
pCO2 concentration (latm)
Parameter (mg/l) 280 385 550 750 1050
Protein 19.0 ± 0.40 15.8 ± 0.20 19.5 ± 0.50 19.1 ± 0.30 17.6 ± 0.20
Carbohydrate 31.1 ± 0.70 32.4 ± 0.40 30.9 ± 0.50 30.5 ± 0.40 29.8 ± 0.40
Lipid 285.7 ± 11.9 316.7 ± 12.7 239.3 ± 8.4 328.7 ± 3.5 392.7 ± 7.8
All values represented were the mean of three replicate ± standard deviation.
Table 5 Correlation coefﬁcients between chemical parameters and total proteins, carbohydrate and lipid in Chaetoceros gracilis.
Cell no Salinity pH DO2 OM TA DIC pCO2 NH3 NO2 NO3 PO4 SiO4 Protein Carbo. Lipid
Cell no 1
Salinity 0.76 1
pH 0.7 1 1
DO2 0.19 0.65 0.7 1
OM 0.04 0.35 0.34 0.07 1
TA 0.00 0.03 0.04 0.32 0.08 1
DIC 0.7 0.96 0.95 0.76 0.35 0.26 1
pCO2 0.74 0.99 0.99 0.6 0.37 0.13 0.92 1
NH3 0.63 0.98 0.99 0.66 0.43 0.15 0.91 0.99 1
NO2 0.58 0.8 0.83 0.75 0.17 0.22 0.73 0.8 0.8 1
NO3 0.68 0.88 0.85 0.37 0.68 0.09 0.86 0.87 0.86 0.42 1
PO4 0.27 0.3 0.37 0.37 0.35 0.61 0.15 0.37 0.49 0.42 0.16 1
SiO4 0.37 0.03 0.07 0.49 0.5 0.76 0.27 0.04 0.05 0.19 0.18 0.01 1
Protein 0.64 0.07 0 0.14 0.46 0.45 0.16 0.01 0.14 0.01 0.06 0.89 0.23 1
Carbo. 0.99 0.79 0.74 0.21 0.03 0.13 0.7 0.79 0.69 0.64 0.69 0.14 0.44 0.54 1
Lipid 0.43 0.77 0.75 0.27 0.83 0.16 0.68 0.8 0.82 0.33 0.92 0.45 0.16 0.3 0.47 1
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The calculated gross primary production (GPP), net primary
production (NPP) and community respiration (CR) of the oxy-
gen light dark (O2-LD) incubation experiment for 24 h were
represented in Table 6. Gross primary production represents
the amount of organic carbon produced by photosynthesis,
and the net community production represents the balance
between the gross primary production and the community
respiration. The highest gross primary production
(6.09 mg C m3h1) was recorded at pCO2 = 385 latm con-
ﬁrming the higher photosynthetic activity and high growth rate.
While the lowest recorded after 24 h was 3.25 mg C m3h1 at
pCO2 = 1050 latm which may be attributed to the need to
adapt to a high pCO2. The highest absolute respiration rate
(|CR| = 23.01 mg C m3h1) was at pCO2 = 550 latm in con-
sistency with the sharp decrease in cell number after 2 days,
while the lowest (|CR| = 13.53 mg C m3h1) was recorded
at pCO2 = 280 latm (Table 6).Table 6 Calculated gross primary production (GPP), net
primary production (NPP) and community respiration (CR) in
mg C m3h1 after 24 h at different pCO2 perturbation
experiments.
pCO2 GPP NPP CR
280 4.06 15.38 13.53
385 6.09 23.58 20.91
550 5.28 24.50 23.01
750 3.86 21.53 21.16
1050 3.25 18.86 18.70Transmission electron microscope
The results of transmission electron microscope showed a
decrease in the cell volume at pCO2 = 385 latm (Fig. 2B),
the enlargement of the volume and malformations, disorgani-
zation and disintegration of thylakoid membranes (Fig. 2A, C
and D), the enlargement of vacuole and occurrence of cell lyses
in Ch. gracilis at pCO2 = 1050 latm (Fig. 2E and F).
Discussion
The phytoplankton species differ in their CO2 requirement,
whereas some species preferably use CO2 as a carbon source,
and others mainly draw their inorganic carbon from the large
pool of HCO3
 (Elzenga et al., 2000). Group-speciﬁc differ-
ences in CO2 sensitivity also exist in the carbon metabolism
(Riebesell, 2004).
The present results showed a low improvement of Ch. grac-
ilis growth when the carbon level was raised (1050 latm). It is
concluded from the regression equation and from the results
that the growth rate of Ch. gracilis is expected to decrease by
increasing pCO2 and increasing ocean acidiﬁcation. In accor-
dance, Hu and Gao (2006) showed the excess of CO2 may
cause a severe acidiﬁcation of the pH, inhibiting the algal
growth. Miyatake et al. (1996) reported that, Euglena gracilis
is one of the high CO2 tolerant algal species. The growth of this
species was enhanced under a 5–45% concentration of CO2.
The best growth was observed with a 5% CO2 concentration,
and the species did not grow under greater than 45% CO2.
Maeda et al. (1995) found a strain of Chlorella sp. T-1 which
A) 280 µatm B) 385 µatm C) 550 µatm D) 750 µatm E,F) 1050 µatm
A B
C D
E F
Figure 2 Transmission Electron Microscopy (TEM) photographs of Chaetoceros gracilis. (A) Enlargement of the cell volume and
malformation. (B) Decrease in cell volume. (C and D) Disorganization and disintegration of thylakoid membranes. (E and F) Occurrence
of vacuole enlargement and cell lyses.
248 H.M. Khairy et al.could grow under 100% CO2; although the maximum growth
rate occurred under a 10% concentration, while Scenedesmus
sp. could grow under 80% CO2 conditions but the maximum
cell mass was observed in a 10–20% CO2 concentration
(Hanagata et al., 1992).
Chiu et al. (2009) found that the best growth of Nannochlor-
opsis oculata occurred with 2% CO2, but with concentrations
of 5%, 10%, and 15% CO2, the growth was partially inhibited
and yielded smaller cell densities than with simple aeration.
Marchetti et al. (2012) showed that CO2 availability limited
the growth rate of Isochrysis afﬁnis galbana.
On the other hand, the present results showed a higher
growth of Ch. gracilis at pCO2 = 385 latm and was accompa-
nied with the highest percentage of a decrease in nutrient salts
(NO3 = 68.96%, PO4 = 29.75%, SiO4 = 36.99%); also, the
lowest percentage of changes in dissolved oxygen is
(54.74%), indicating higher photosynthetic processes by the
maximum growth of Ch. gracilis. Hirata et al. (1996) reported
that Chlorella sp. UK001 could grow successfully under
10% CO2 conditions. Furthermore, Xia and Gao (2005)found that Chlorella pyrenoidosa showed an improved growth
at 186 lmol CO2.l
1 while C. reinhardtii did not show a
signiﬁcant improvement in its growth at 186 over
21 lmol CO2.l
1.
Li and Douglas (2013) concluded that, elevated pCO2 sig-
niﬁcantly stimulated the growth of T. pseudonana under a
sub-saturating growth light, but not under saturating to
super-saturating growth light. It is shown that the growth of
Ch. gracilis represented in cell number at different pCO2
concentrations is highly positively dependent on dissolved
inorganic carbon (DIC) and nitrate (NO3) availability.
Hutchins et al. (2009) indicate that the effect of elevated
pCO2 on the growth of Crocosphaera waitsonii is dependent
on the concentration of phosphorus and is in contrast to the
independent relationship between pCO2 and phosphorus doc-
umented for Trichodesmium.
The results also showed a rapid increase in the cell number
at pCO2 = 550 latm till day 2 culturing and then a sharp
decrease occurred, indicating unsuitable conditions for the
growth of Ch. gracilis. This rapid increase was consistent with
Impact of elevated CO2 concentrations on Chaetoceros gracilis F.Schu¨tt 249the lowest changes percentage in the chemical parameters espe-
cially the oxidizable organic matter at pCO2 = 550 latm
which indicates a small organic matter production at this
CO2 concentration. Koeve and Oschlies (2012), reported that,
dissolved organic matter released during the algal cultures
experiments may inﬂuence total alkalinity (AT).
The maximum protein value was presented at
pCO2 = 550 latm, and the total protein was positively depen-
dent on the total alkalinity and pCO2 with contribution (0.52
and 0.16), respectively. Protein showed a signiﬁcant positive
correlation with phosphate (r= 0.89). The phosphorus
requirements for optimal algal growth differ considerably from
species to species even if no other external factors are limiting
it (Kuhl, 1974). Baba et al. (2011) showed that, the growth rate
and the amount of total proteins in a C. reinhardtii CC-400
increased only 1.5-fold even when the CO2 concentration
was increased from atmospheric level to 3%.
Carbon ﬁxed by microalgae is incorporated into carbohy-
drates and lipids, so that energy, chemicals or food can be pro-
duced from algal biomass (Lee et al., 2001; Olaizola, 2003).
Algae use CO2 as well as water and convert them into carbo-
hydrates and other useful products. The results indicated
that, a higher carbohydrate content was observed at
pCO2 = 385 latm, which was accompanied with a higher cell
division. These results coincided with Thornton (2009), who
concluded that, cultures of Chaetoceros muelleri are grown at
a low pH. The proportion of the total carbohydrate stored
within the cells decreased and more dissolved carbohydrates
were exuded from the cells into the surrounding medium.
The results of total lipid content showed an increase with
increasing pCO2. The maximum total lipid content in Ch. grac-
ilis was recorded at the highest pCO2 (1050 latm). Total lipid
showed a highly signiﬁcant positive correlation with pCO2
(r= 0.80), DIC (r= 0.68) and NO3 (r= 0.92). The correla-
tions with OM (r= 0.83), pH (r= 0.75) and Salinity
(r= 0.77) were highly signiﬁcantly negative. Arau´jo and
Garcia (2005) showed that in the diatom Chaetoceros wighamii
an increase in protein and a reduction of carbohydrate con-
tents were cultured under high CO2 conditions, with no effect
on lipids.
The results of the transmission electron microscope showed
a decrease in the cell volume at pCO2 = 385 latm, combined
with a high cell division. These results may be related to the
theoretical greater efﬁciency of smaller cells to take up dis-
solved nutrients, as a consequence of the greater surface vol-
ume ratio (Lavı´n and Lourenc¸o, 2005). On the other hand, a
lower concentration of pCO2 = 280 latm caused cell enlarge-
ment and an increase in pCO2 from 550 to 1050 latm which
showed disorganization malformations, chloroplast damage,
disintegration of thylakoid membranes and the enlargement
of the cell volume, and the occurrence of cell lyses, this may
be due to their slower growth rate. Thylakoid membrane integ-
rity is vital to maintain photosynthetic capability. The plasma-
lemma controls exchange between the intra and extracellular
environments (Thornton, 2009).
Langer et al. (2006) found that, malformations increased
for the Calcidiscus leptoporus cultures in response to the
pCO2 levels both above and below present-day values. Faria
et al. (2012) showed an increase in the cell volumes of Chlorella
sp. cultured with CO2 which may be related to the accumula-
tion of reserve substances, especially carbohydrates, and this
trend is explained by the progressive scarcity of nutrients tobuild intracellular substances. Jian-Rong and Kun-shan
(2002) showed that the effect of CO2 enrichment to
186 lmol.l1 was insigniﬁcant on the shape and the size of
C. reinhardtii, but signiﬁcant in reducing the volume of Scene-
desmus obliques. High CO2 increased the amount of chloro-
plast, and the pyrenoids occurred in low CO2 grown cells
but not in high CO2 grown ones and more starch granules were
observed in the former.
In conclusion, elevated pCO2 affects the growth and, phys-
iological parameters of the non calcifying diatom Ch. gracilis.
The obtained results showed a decrease in cell number with
increasing pCO2 concentration (1050 latm). The total protein,
carbohydrate and lipid contents in Ch. gracilis showed signiﬁ-
cant differences at different carbon dioxide concentrations.
Also, the decrease in the cell volume at pCO2 = 385 latm,
combined with a high cell division; while, with increasing
pCO2 from 550 to 1050 latm, it resulted in the disorganiza-
tion, malformations, chloroplast damage, disintegration of
thylakoid membranes, the enlargement of the cell volume,
and the occurrence of cell lyses in Ch. gracilis, which may be
due to a slower growth rate.
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